The function and components of the hypothalamic-pituitary axis are conserved among vertebrates; however, in fish, a neuroglandular mode of delivery (direct contact between axons and endocrine cells) was considered dominant, whereas in tetrapods hypothalamic signals are relayed to their targets via the hypophysial portal blood system (neurovascular delivery mode). By using a transgenic zebrafish model we studied the functional and anatomical aspects of gonadotrope regulation thus revisiting the existing model. FSH cells were found to be situated close to the vasculature whereas the compact organization of LH cells prevented direct contact of all cells with the circulation. GnRH3 fibers formed multiple boutons upon reaching the pituitary, but most of these structures were located in the neurohypophysis rather than adjacent to gonadotropes. A close association was observed between FSH cells and GnRH3 boutons, but only a fifth of the LH cells were in direct contact with GnRH3 axons, suggesting that FSH cells are more directly regulated than LH cells. GnRH3 fibers closely followed the vasculature in the neurohypophysis and formed numerous boutons along these tracts. These vessels were found to be permeable to relatively large molecules, suggesting the uptake of GnRH3 peptides. Our findings have important implications regarding the differential regulation of LH and FSH and contradict the accepted notion that fish pituitary cells are mostly regulated directly by hypothalamic fibers. Instead, we provide evidence that zebrafish apply a dual mode of gonadotrope regulation by GnRH3 that combines both neuroglandular and neurovascular components. (Endocrinology 156: 4163-4173, 2015) 
The function and components of the hypothalamic-pituitary axis are conserved among vertebrates; however, in fish, a neuroglandular mode of delivery (direct contact between axons and endocrine cells) was considered dominant, whereas in tetrapods hypothalamic signals are relayed to their targets via the hypophysial portal blood system (neurovascular delivery mode). By using a transgenic zebrafish model we studied the functional and anatomical aspects of gonadotrope regulation thus revisiting the existing model. FSH cells were found to be situated close to the vasculature whereas the compact organization of LH cells prevented direct contact of all cells with the circulation. GnRH3 fibers formed multiple boutons upon reaching the pituitary, but most of these structures were located in the neurohypophysis rather than adjacent to gonadotropes. A close association was observed between FSH cells and GnRH3 boutons, but only a fifth of the LH cells were in direct contact with GnRH3 axons, suggesting that FSH cells are more directly regulated than LH cells. GnRH3 fibers closely followed the vasculature in the neurohypophysis and formed numerous boutons along these tracts. These vessels were found to be permeable to relatively large molecules, suggesting the uptake of GnRH3 peptides. Our findings have important implications regarding the differential regulation of LH and FSH and contradict the accepted notion that fish pituitary cells are mostly regulated directly by hypothalamic fibers. Instead, we provide evidence that zebrafish apply a dual mode of gonadotrope regulation by GnRH3 that combines both neuroglandular and neurovascular components. T he hypothalamic-pituitary-gonadal (HPG) endocrine axis is the key regulator of reproduction in vertebrates. Gonadotropic cells of the adenohypophysis (AH) receive various signals that are secreted by nerve terminals of hypothalamic neurons and respond by increasing or decreasing their secretion of 2 distinct gonadotropins (GtHs): FSH and LH. These 2 glycoproteins are composed of a common ␣-subunit and a distinct ␤-subunit that confers their biological specificity; in tetrapods, they are produced and secreted from a single cell type, the gonadotrope (1). FSH signaling is involved in inducing germ-cell maturation, and regulating follicular growth in females and Sertoli cell induction in the testis, whereas LH is the main regulator of ovulation in females and stimulator of androgen production in Leydig cells in males (2, 3) .
Although recent years have seen the emergence of several new GtH-regulating hypothalamic peptides (4 -6), GnRH is still considered the key stimulator of GtH expression and secretion. Several forms of GnRH can be found in the vertebrate brain and they are considered to be involved in a variety of functions. One form, usually GnRH1 (GnRH3 in fish that possess only 2 GtHs like the zebrafish), projects axon terminals toward the pituitary, thereby enabling its effect on gonadotropes, although re-cently, GnRH2 axons have also been shown to innervate the zebrafish pituitary (7) . Because the 2 GtHs have distinct roles, it is necessary to differentially regulate their release. Little is known as to how this differential regulation is achieved in fish. In mammals, GnRH stimulates the release of both GtHs and its differential effects on LH and FSH release are achieved by controlling the frequency of its pulsatility. In general, high-frequency pulses favor LH secretion whereas low-frequency signaling induces FSH expression and secretion (8) . Other factors, such as differential packaging (9), response to activins, and gonadal steroid effects (1, 10) , also differently modulate LH and FSH expression and release, thereby generating their differential secretion patterns.
Ray-finned fish (Actinopterygii) are the largest and most diverse group of living vertebrates. Studies of the HPG axis in fish show a striking similarity to that in tetrapods, conserving all of the major components and functions found in the more evolved vertebrates (11, 12) . Nevertheless, some unique modifications can be found in fish that make them particularly valuable models for studying the evolution and function of the HPG axis. In tetrapods, hypothalamic axons that secrete adenohypophyseal-regulating hormones terminate in the median eminence, an area in which blood vessels and nerve terminals interact to enable the peptides to enter the circulation and be transported to their targets in the AH. However, in most fish, and particularly in the class Actinopterygii, a median eminence has not been identified. Instead, a unique mode of regulation is present, in which hypophyseal axon terminals innervate the AH and abut the endocrine cells, thus replacing the neurovascular mode of delivery common in most vertebrates with a more direct neuroglandular approach (13) . The fish neurohypophysis (NH) is comprised of an anterior portion that ramifies into the pars distalis and a posterior portion that penetrates the pars intermedia (PI). In fish, the blood supply enters the anterior part of the pituitary through the primary plexus and after flowing through the capillary beds of the AH, drains back through the perimeter and the PI (13) .
Another unique attribute of fish is the segregation of LH and FSH into 2 separate cell types (14, 15) . This trait, along with direct hypothalamic innervation of the fish pituitary, potentially simplifies the differential regulation of LH and FSH, because the GnRH neurons can direct their output to different cell populations, thereby specifically stimulating one or the other. In addition, contrary to the situation in mammals in which the different cell types are distributed throughout the anterior pituitary, in fish, each cell type is located in specified zones (14) .
Here, we present a transgenic approach to study the fish hypothalamic-pituitary axis. By generating transgenic zebrafish lines that express fluorescent proteins in their LH and FSH gonadotropes, and crossing them with lines with fluorescently labeled vasculature or GnRH3 neurons, we were able to study the anatomical and functional aspects of gonadotrope regulation in fish. Our findings reveal the functional anatomy of the GnRH3-vasculature-gonadotrope system and highlight the differences between LH and FSH cells in terms of their differential association with the circulation and their innervation by GnRH axons.
Materials and Methods

Fish husbandry and breeding
Zebrafish were maintained in a stand-alone rearing system with a central filtration unit. Temperature was maintained at 27 Ϯ 1.5°C. Fish were fed twice daily with a prepared diet (New Life Spectrum "Grow" formula; New Life International, Inc). Breeding, transgenesis, and larval rearing were conducted as detailed previously (16) . Briefly, crosses were performed by placing male and females over a mesh-bottom cage and eggs were collected the next morning. Embryos were screened at 3 days postfertilization (dpf) under a fluorescent stereo-microscope for transgenic expression using the Green Fluorescent Protein (GFP) heart marker (gonadotrope lines), GFP-labeled GnRH3 neurons, or labeled blood vessels. Larvae were raised in saline (5 parts per thousand) water and fed on rotifers (Brachionus plicatilis) for 4 -7 days and on Artemia nauplii thereafter. At approximately 14 dpf, fish were weaned onto a dry prepared diet. At these conditions, first breeding occurred at the age of approximately 60 -70 dpf.
The generation and validation of gonadotrope-labeled zebrafish were described in Ref. 16 and were assigned the line numbers hjr1Tg for Tg(Oni.Fshb:EGFP, myl7:EGFP) and hjr2Tg for Tg(Oni.Ihb:mCherry, myl7:EGFP). Lines s843 (Tg(kdrl:EGFP)) (17) and s896 (Tg(kdrl:Hsa.HRAS-mCherry)) (18) were used to visualize vasculature. Zebrafish with labeled GnRH3 neurons (zf103, Tg(gnrh3:EGFP)) were previously described (19) .
All experimental procedures were in compliance with the Animal Care and Use Guidelines of the Hebrew University and were approved by the local Administrative Panel on Laboratory Animal Care.
Immunofluorescence (IF) and imaging
Small fish (up to 21 dpf) were fixed overnight in 4% (wt/vol) paraformaldehyde (PFA) in 0.1M phosphate buffer at 4°C. Imaging was performed through the palate bone from a ventral position after removal of the lower jaw and gills. For imaging older fish, whole heads were fixed overnight in 4% PFA and then decalcified for 4 -7 days in 0.5M EDTA at 4°C. Subsequently heads were cryoprotected in 30% (wt/vol) sucrose and cryosectioned to 20 -30 m. For labeling of zebrafish LH cells an anticarp LH antibody that was raised against the ␤-subunit of carp LH isolated by HPLC from carp pituitaries (20) was used (1:200) ( Table 1 ). This antibody was verified for use in zebrafish by ELISA (21) and immunohistochemistry (Supplemental Figure 1) . Although the degree of cross-reactivity with zebrafish LH was not established, a high parallelism between carp LH and zebrafish plasma curves suggests good binding of the zebrafish LH by the antibody. Furthermore, staining of our validated zebrafish lines with the antibody shows good overlap of the transgenic signal and the antibody staining pattern. A detailed IF protocol can be found elsewhere (22) . All imaging was performed with a confocal microscope (Leica Microsystems).
To ensure an accurate representation of the described anatomical organization, at least 5 adult (breeding) fish of both sexes were examined. In the adults, we did not find significant differences between the sexes and thus a representative picture is shown and the sex of the imaged individual is given in the figure legend. In most images, the 4Ј,6-Diamidino-2-Phenylindole, Dilactate (DAPI) counterstaining was omitted to enhance clarity. In juvenile fish (14 dpf), the sex was not identifiable. At least 7 juvenile fish were imaged for each transgenic line (kdrl:Hsa.H-RAS-mCherry x FSH:EGFP or kdrl:Hsa.HRAS-mCherry x gnrh3:EGFP) and a representative image is shown.
For quantifying the proximity of cells to blood vessels and to GnRH3 axons, cells and boutons were manually counted on acquired images. For this purpose, heads from adult males and females (specific n values are given in figure legends) were cryosectioned to 30 m for confocal imaging. After acquiring a thick z-stack, manual counting was performed on single optical sections (optical thickness Ͻ 0.5 m). If 2 optical sections were quantified in the same sample, they were spaced more than 10 m apart (z-axis) to avoid counting of the same structure twice. Individual gonadotrope cells were identified by their outline and their DAPI-stained nucleus. Direct proximity to a blood vessel was defined as contact (distance Ͻ 1 m) between a gonadotrope cell and a vessel. Boutons were identified as swellings larger than 1 m along the GnRH3 axons. To facilitate the measurement of the distance between cells and boutons, images were overlaid with a grid (5 ϫ 5 m; ImageJ software). The grid was then used to judge the proximity between the boutons and nearest gonadotrope and distance was defined as either larger, or smaller than 10 m.
Vessel permeability assay
To test for vessel permeability fish double-labeled for blood vessels (kdrl:Hsa.HRAS-mCherry) and GnRH3 axons (gnrh3:EGFP) were injected retroorbitally (23) with 4 L of a fixable 10-kDa dextran (5 mg/mL in saline) labeled with the fluorescent dye Cascade Blue (Molecular Probes) using a Hamilton syringe. Two minutes after injection, the fish were killed and fixed in 4% PFA overnight at 4°C. Whole pituitaries were extracted, mounted in antifade reagent (2% propyl gallate and 75% glycerol in phosphate buffer), and imaged using confocal microscopy.
Statistical analysis
Statistical analysis was performed on percentages of cells/ boutons obtained from counts on sections from individual fish. Data are presented as mean Ϯ SEM. Data were subjected to one-way ANOVA and Tukey analysis using GraphPad software (version 4). Means marked with different letters differ significantly (P Ͻ .05).
Results
Gonadotrope organization
Studies of adult pituitaries double-labeled for LH and FSH reveal the unique organization of both gonadotropes. Zebrafish gonadotrope segregation reflects the situation reported in most studied teleost species, in which LH and FSH are expressed in largely distinct cell populations (Figure 1) . LH cells are arranged in tight clumps in the pars 
Gonadotropes and vasculature architecture
Crosses between the labeled GtH lines and fish with labeled vasculature enabled us to reveal the organization of gonadotropes relative to the pituitary blood vessels. FSH cells could already be identified at early stages and were situated around the perimeter of the pituitary in a relatively ventral position (Figure 2A ). The basal side of the cells was situated adjacent to the pituitary veins. The apical side of part of the FSH cells possessed a long cytoplasmic process that projected into the arterial complex entering the pituitary. In some cases, clear contacts could be observed between these processes and the arterial blood vessels (Figure 2A ). In the adult, FSH cells maintained their close association with the blood vessels ( Figure 2 , B and C, and Supplemental Figure 2A ). Because LH cells only appeared around puberty (16), we studied their position relative to the vasculature in adults. In these fish, the blood vessels could be clearly seen traversing through the LH cell clumps (Figure 2 , D and E, and Supplemental Figure 2B ). In general, FSH cells were more closely associated with the vasculature than LH gonadotropes (LH, 25.5 Ϯ 5.27% of 1505 counted cells; FSH, 94.5 Ϯ 0.5% of 632 counted cells; P Ͻ .01, n ϭ 4 females and 3 males) ( Figure 2F ).
GnRH innervation of the pituitary and contact with gonadotropes
By crossing our GtH-labeled lines with zebrafish expressing GFP in their GnRH3 neurons, the GnRH projections from the hypothalamus to specific cells in the pituitary could be imaged. In adult fish, the GnRH fibers could be clearly traced from the preoptic area, along the ventral zone of the periventricular nucleus and through the hypothalamic stalk into the pituitary (Figure 3, A and D) . The GnRH3 fibers formed thick bundles in the NH and could also be found innervating the AH. In the brain, GnRH3 axons exhibit a mostly smooth outline but upon entering the pituitary, the GnRH fibers formed numerous varicosities that were located both within the NH and adjacent to the endocrine cells of the AH (Figure 3 , B and E). Most of the boutons (81 Ϯ 2.6% of 985 counted in LH-labeled pituitaries and 72 Ϯ 0.82% of 1359 counted in FSH-labeled pituitaries; n ϭ 5 females and 4 males) were situated in the NH "fingers" that ramify the AH, at a distance of more than one cell from the nearest gonadotrope ( Figure 3 Student's t test was used to generate P value (***, P Ͻ .001).
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1.2% of 815 cells counted, n ϭ 5 females and 4 males) in the clump ( Figure 3H ).
GnRH axons-vasculature organization
At 14 dpf, over 20 FSH gonadotropes could usually be found in the zebrafish pituitary (Figure 2A) , but very few GnRH3 fibers could be seen reaching the pituitary at this stage. We found 1-2 fibers per pituitary in these young fish. Moreover, the fibers did not reach the area populated by gonadotropes at this stage. Instead, the axons entered the pituitary through the NH and closely followed the contour of the blood vessels of the arterial primary plexus press.endocrine.org/journal/endo 4167 entering the gland and terminated short of reaching the AH. As in the adult, GnRH axons appeared relatively smooth in the brain but formed numerous boutons in the pituitary along the blood vessels of the primary plexus ( Figure 4A ). In the adult, the GnRH fibers could be seen following the path of the blood vessels in the extensions of the NH into the AH ( Figure 4B ). Not all boutons were in direct contact with the vessels but instead, were located within the neuronal tissue of the NH. Numerous boutons could be seen encircling the vessels along their path ( Figure 4C ). The association of the GnRH fibers with blood vessels was found to be substantially closer than their association with gonadotropes ( Figure 4D ). In the brain, the paths of vessels and GnRH fibers do not overlap (Supplemental Figure 3) . The strong association of GnRH fibers with the afferent pituitary blood vessels suggests a possible role for the circulation in the delivery of GnRH signals.
Vessel permeability
To determine whether the blood vessels of the anterior NH are permeable to GnRH, we injected a 10-kDa fluorescent dextran (weight of the mature GnRH peptide is ϳ1 kDa) into the circulation and tested for extravasation from vessels abutted by GnRH fibers. The highest degree of extravascular dextran staining was observed in the posterior part of the NH and PI ( Figure 5 , A-C, and Supplemental Figure 4) . Strong staining could also be observed around the vessels of the primary plexus and its ramifications into the dorsoanterior part of the pars distalis. In this area, the diffusion of the dye was restricted by an intricate network of membranes that surround the vessels and reduces the rate of diffusion into the pituitary parenchyma ( Figure 5, D-F) , resulting in a higher staining intensity in the immediate proximity of the vessels. GnRH bou- tons were located in the dextran-labeled extravascular spaces, between the permeable blood vessels and the aforementioned membranes ( Figure 6 , A-D), indicating that GnRH molecules can enter the bloodstream upon their release. In most of the pars distalis, these surrounding membranes were less prominent and as a result the labeled dextran diffused more freely into the surrounding tissue thus reducing the staining intensity around the blood vessels in these areas ( Figure 6 , E-H). Brain vessels were not permeable to dextran (Supplemental Figure 3) .
Discussion
In the tetrapod pituitary, the circulatory system has 2 endocrine roles: to convey hypothalamic signals from the median eminence to the anterior pituitary (neurovascular) and to receive the secreted pituitary hormones and transport them to the general circulation (13) . In teleosts, a true median eminence has not been identified; instead, direct innervation of the endocrine cells (neuroglandular regulation) has been postulated as the predominant pathway by which the hypothalamus affects the endocrine cells. This perception stems from numerous ultrastructural studies that have identified nerve terminals abutting the pituitary endocrine cells (13, 24, 25) , as well as DiI retrograde labeling that stained specific hypophysiotropic neurons in the fish hypothalamus (26 -28) . Our transgenic approach provided a unique advantage in revealing the anatomical organization of the GnRH3-gonadotrope axis in the zebrafish. The specific labeling of the neural, hemal, and gonadotropic components of the axis enabled us to obtain a wider view that is unavailable in ultrastructural studies, while maintaining high-resolution localization of all of the components in the pituitary, which is lost in the retrograde labeling approach.
Anatomical organization of gonadotropes and blood vessels
We found that in the larvae, FSH cells are closely associated with the pituitary vasculature. This situation is maintained in adulthood as FSH cells are loosely distributed in the gland and benefit from proximity to the blood vessels. In some instances, cytoplasmic processes were directed toward more distant vessels, probably as a means of obtaining metabolites and discharging GtHs into the circulation. These processes have been observed in mammalian corticotrophs (29) and gonadotropes (30) as well as in fish gonadotropes (31) . In contrast, LH cells reside in tight clumps, in which part of the cells are located farther away from the blood vessels. To overcome this distance, cytoplasmic processes may also be applied by LH cells to aid in accessing the circulation. In some LH cells, such processes could be observed directed toward vessels in our model. In medaka (31) and tilapia (Supplemental Figure  5) , cultured LH cells also developed long processes, although their target is unclear in the absence of an ana- Figure 6 . GnRH boutons are located adjacent to permeable vessels. Fluorescent 10-kDa dextran (blue) was injected into the zebrafish circulation to reveal permeable areas of blood vessels. A-D, Zebrafish with labeled blood vessels (red) and GnRH3 boutons (green) reveal an intricate system of extravascular membranes that retains the dextran that is extravasated from permeable vessels. GnRH boutons are located within the channels that are formed around the vessels by the membranes and are therefore capable of delivering their output into the circulation through the vessel fenestra (scale bar, 20 m). E-H, Integrity of extravascular membranes is decreased in the pars distalis around the LH cell clumps (red). In these areas, the dextran (blue) is not retained around the vessels (green). Compare with the primary plexus/ NH area on the upper right (scale bar, 50 m). press.endocrine.org/journal/endo 4169 tomical context. In any case, our model reveals that accessibility of the FSH cell population to the circulation is significantly higher than that of their LH counterparts.
Pituitary innervation by GnRH3 axons
Our transgenic approach enabled us to trace the path of the axons from the hypothalamus to the pituitary and within it. Interestingly, we found that GnRH3 axons reached the pituitary approximately 10 days (14 dpf) after first appearance of FSH cells (4 dpf) (16, 32) . No LH cells are present at this early developmental stage (16, 32) . Because GnRH signaling is central to activating the FSH promoter (10, 33) , it is unclear how these cells express FSH in the absence of a GnRH signal. One possible source of GnRH could be diffusion from the hypothalamus, which, at this stage, is located only several cell layers from the developing pituitary. Alternatively, and as suggested in mammals, FSH cells may not require GnRH signal for differentiation and may in fact be unresponsive to GnRH at early stages (34) . When examining the GnRH3 axons and vasculature in the pituitary of young (14 dpf) fish, it was clear that the axons do not reach the gonadotropes. Instead, they closely follow the contour of the blood vessels of the primary plexus. This arrangement favors the possibility that GnRH signals available to FSH cells at this stage are conveyed through the blood. Further corroborating this notion is the change in the morphology of the GnRH3 axons. As the GnRH3 axons enter the pituitary they exhibit distinct varicosities or boutons. These varicosities are the functional release sites in nonsynaptic neuronal interaction (35) (36) (37) (38) . The GnRH3 boutons that we describe in zebrafish are structurally similar to the GnRH varicosities found in the mammalian median eminence and are considered as the release sites of this peptide in mammals (39 -42) and in fish (43) . The close apposition of GnRH3 axons and blood vessels that is observed in young fish is also apparent in the adult: imaging of adult pituitaries with labeled gonadotropes and GnRH3 axons revealed that although some of the boutons are located next to gonadotropes, most of the boutons (ϳ75% for both LH and FSH) are located in the anterior NH at a distance that rule out the possibility of direct regulation of gonadotropes. At present, we cannot yet determine whether the distant and proximal boutons actually represent 2 functionally distinct populations. One possibility is that those terminals that form direct contact with the gonadotropes (ϳ22% of boutons) are the main stimulators of these cells, whereas the NH terminals have other roles. However, examining the vessel architecture and the ultrastructure of the anterior NH raises the likelihood that secreted factors are conveyed through the circulation to target cells in the pars distalis, because in this region, the GnRH3 axon traces closely follow those of the pituitary vasculature and are permeable to relatively large peptides. Although the close wiring of blood vessels and axons is a familiar phenomenon (44) , the abundance of boutons implies that this is not merely an anatomical observation but rather of functional importance and strongly suggests a neurovascular control of gonadotropes. The vessels abutted by GnRH3 terminals are usually located upstream of the gonadotropes and are permeable even to molecules that are much larger than GnRH peptides, as shown by the extravasation of fluorescent dextran. An intricate network of extravascular channels surrounds these vessels and the adjacent neuronal tissue (45, 46) , serving to substantially enlarge the surface area of the neuronal-vascular interface (47) . The diffusion pattern of the labeled dextran shows that the basement membranes reduce diffusion rates of blood-borne molecules into the surrounding tissue and may act to maintain a higher concentration of GnRH around the vessels, thereby assisting its diffusion through fenestra into the blood stream. As the capillaries penetrate the pars distalis, the neurosecretory elements and the extravascular channel system that surrounds them becomes less prominent and the vessels lie directly adjacent to the secretory cells of the pituitary (Figure 6 , E-H) (45) . This organization enables uptake of peptides by the blood in the anterior NH and release of these factors within the AH to affect the target cells. Further corroboration of this mode of delivery can be found in the practice of peripheral (intraperitoneal or intramuscular) injection of GnRH that is widely used to induce GtH release from the pituitary of fish (48, 49) , thus proving that blood-borne signals are capable of affecting gonadotrope secretion. This neurovascular mode of delivery that is prevalent in tetrapod pituitaries is also observed in primitive fish classes such as Chondrichthyes as well as in the Sarcopterygii that gave rise to the tetrapods (13) .
Although the blood-GnRH3-gonadotrope architecture seems to favor a predominant neurovascular mode of delivery, passive diffusion of signals from the boutons in the NH to their target cells cannot be ruled out. Whether the GnRH signal reaches its targets by diffusion or through the circulation, a nondirect mode of regulation implies that the differential stimulation of LH or FSH cells cannot be obtained by simply activating a gonadotrope-specific axon. Instead, the gonadotropes have to interpret the GnRH signals in a way that enables them to react differentially, activating either LH or FSH release. It is plausible that the mammalian mechanism of changing GnRH pulsatile pattern (8) provides the necessary distinction but such evidence has yet to be reported in fish.
The unique anatomical organization of LH cells in dense clumps results in a part of cells that are spatially removed from the GnRH signals. This raises the question of how the LH cells, within the inner cell mass, access these signals to produce the highly synchronized response that is typical of LH secretion. One plausible explanation is that LH cells do not function alone, but are connected in a network that allows communication of signals between adjacent cells over long distances. The high density of the LH cell clumps would favor this mode of communication.
The existence and importance of such networks have been well established in mammalian pituitaries (50, 51) , and functional cell coupling has been demonstrated in the pituitary of fish (52) . Interestingly, a recent study in a teleost showed that the activity of LH cells is more synchronized than that of FSH cells (53) . This finding is in accordance with the LH cells' close association and the unavailability of a direct GnRH signal to all LH cells, requiring cell-cell coupling to convey the signal within the clump, whereas FSH cell distribution and proximity to direct stimulation allow a more isolated response by each cell. The fact that almost all FSH cells examined had adjacent GnRH boutons may indicate direct regulation or it may reflect their close proximity to blood vessels. Either way, FSH cells have significantly better access to GnRH signals than LH cells. Considering the difference in the degree of innervation between FSH and LH cells, it seems likely that FSH cells rely primarily upon direct stimulation by their adjacent boutons whereas the LH cells receive their stimulation through the circulation.
Our model reveals that the anterior NH of the teleost pituitary contains all the components that enable GnRH3 to be delivered through the circulation towards its gonadotrope targets. Somewhat similar observations and implications have been made by early investigators (reviewed by Ref. 13 ) that have relied mainly on ultrasctructural studies. However, because most ultrastructural studies lack a whole-organ view, their full implications regarding the more significant mode of regulation are difficult to evaluate. Hence, over the years, the neuroglandular dogma gained popularity, whereas the neurovascular concept has been largely neglected. In addition to the discussed neurovascular option, the aforementioned direct terminal-gonadotrope interactions as well as passive diffusion of peptides from the NH and through the tissue also represent possible delivery modes. In fact, the 3 modes are not mutually exclusive and may all be functionally active. It is important to note that we found that a quarter of the GnRH3 boutons are situated close enough to gonadotropes to suggest direct stimulation of most FSH cells and at least part of the LH cells. Convincing evidence for direct, sometimes synaptic, contacts of hypothalamic terminals with endocrine cells has been presented several times by electron microscopy (24, 25, 54), making it impossible to dismiss the existence of direct neuroglandular regulation. Moreover, there are probably marked differences in the degree of innervation between the different axon types (24) and between different fish species. For example, a recent study in zebrafish showed close proximity of dopaminergic terminals to LH gonadotropes (55), supporting earlier electron microscopy studies that clearly indicated synaptic contacts between dopaminergic axons and pituitary endocrine cells (54) . Although few other transgenic fish models examined the interactions of hypothalamic axons and blood vessels in the pituitary, 2 recent medaka lines show that GnRH1 (53) and kisspeptin1 (56) terminals densely innervate the AH, suggesting that at least in this model neuroglandular interactions may be more common. With the findings of GnRH2 fibers innervating the pituitary (7) and the ever-increasing array of hypothalamic factors implicated in pituitary regulation (21, 57, 58) , the exact anatomical mode of regulation will have to be determined for each specific peptide in the different species. Nevertheless, the preliminary assumption that the predominant mode of regulation is neuroglandular should be seriously reconsidered.
From an evolutionary point of view, the organization described here, in which both neuroglandular and neurovascular systems coexist side by side represents a transition stage in the evolution of the hypothalamic regulation of the pituitary. During the course of evolution the neurovascular option that is common in primitive fish classes (Chondrichthyes and Sarcopterygii) has become the prominent pathway in tetrapods (13) . We show here that traces of this delivery mode can also be found in teleosts such as the zebrafish in which GnRH3 innervation, conserves the close association with the afferent blood vessels.
In summary, by labeling the components of the GnRH3-gonadotrope axis, we present here a powerful tool for studying its development, anatomy, and function in teleosts. We show that FSH and LH cell populations differ in distribution, proximity to blood vessels and GnRH3 signaling. These differences form the basis for their differential regulation and secretion patterns and provide valuable insight into the evolution of the hypothalamic-pituitary axis in vertebrates. The close apposition of GnRH3 terminals and permeable blood vessels suggests that the neurovascular mode of delivery is important in the GnRH3 regulation of zebrafish gonadotropes, thus indicating that neuroglandular regulation is not the exclusive delivery mode in teleosts.
